Highlights  Succinic acid productivity starts to decrease with decreasing dissolved CO 2 below an upper threshold  The decrease in productivity occurs at a constant flux distribution up to a lower CO 2 threshold  Below the lower threshold, succinic acid yields decrease as flux shifts to C 3 pathways  Ethanol formation increases with decreasing dissolved CO 2 below the lower threshold 2
Introduction
either be supplied as a gas, requiring gas-liquid mass transfer, or in the form of a carbonate (i.e. HCO 3 -, CO 3 2- broth is saturated because gas-liquid mass transfer can be rate controlling leading to falling below the saturation value.
Proper design and scale-up of a succinic acid fermentation process cannot rely solely on the results of lab-scale systems. In addition, it is important that the supply of CO 2 be linked to the transient value of which drives the inorganic carbon supply. When opting for a gaseous CO 2 supply, gas-liquid mass transfer should be carefully considered in order to achieve adequate values without excessive (and expensive) sparging schemes. For carbonate supply, the influence of mixing on the dissolution rate of the solids should be considered in order to maintain the required value in the medium. Both these routes require proper understanding and quantification of the effect of on succinic acid yield and cell-based productivity. To date, studies have not addressed these crucial relationships but only hint at the importance of CO 2 supply in SA fermentations.
In the current paper, the above mentioned shortcoming in A. succinogenes fermentation literature is addressed. Continuous fermentations were performed to enable steady-state analysis of the influence of on succinic acid fermentations with A. succinogenes.
Steady-state conditions ensure that remains constant thereby allowing for a more accurate assessment of its influence on yield and cellular productivity. Gas-liquid mass transfer measurements were performed to calculate at various steady-state conditions.
The amount of immobilised biomass was controlled by operating at glucose-limiting conditions since continuous fermentations with A. succinogenes using rich growth media inevitably result in extensive biofilm formation. Mass balances were performed to ensure that all the major metabolites were accounted for. 
Materials and methods

Organism and fermentation medium
Continuous fermentations
Three fermentations were performed in a custom, externally-recycled bioreactor, similar to that used in [15] . The volume was maintained at 358 mL by means of an overflow tube connected to an exit pump. pH was measured by a Ceragel CPS71D glass electrode (Endress+Hauser, Germany) connected to a Liquiline CM442 unit (Endress+Hauser, Germany) and controlled at 6.80 ± 0.01 by the addition of 10 N NaOH. Temperature was measured by the pH electrode and controlled at 37.0 ± 0.1 °C by means of a custom PID feedback controller coupled to a hotplate. A 20% v/v solution of Antifoam Y-30 (Sigma-Aldrich, Germany) was dosed onto the liquid headspace as needed. The average flow rates of NaOH and antifoam were determined in real-time over a 4-hr period and used to adjust feed concentrations due to dilution of the feed [16] . Furthermore, the time-profile of the average NaOH flow rate was used to estimate steady-state conditions. When the time-averaged dosing was relatively constant, showing only a 10% fluctuation around the average, it was assumed that the system had reached steady-state. CO 2 gas (Afrox, South Africa) served as the inorganic carbon source and was fed directly into the recycle line at different flow rates (i.e. vvm). A vvm of 0.1 was sufficient to ensure CO 2 saturation of the fermentation broth. CO 2 flow rates were controlled using a Brooks 5850S mass flow controller (Brooks Instruments, Hungary). The reactor and liquid reservoirs (excluding NaOH) were autoclaved together at 121 °C for 60 min, with the three parts of the feed medium kept separate to prevent unwanted reactions.
A single wooden stick covered with strands of fiberglass was added to the centre of the reactor body in order to provide additional attachment area and support for biofilm.
Analytical methods
Samples were collected via the outlet pump. The sample container was placed in an ice bath to prevent further metabolic reactions taking place during sampling. The concentrations of glucose, ethanol and organic acids were determined using High-Performance Liquid Chromatography (HPLC). Analyses were performed using an Agilent 1260 Infinity HPLC (Agilent Technologies, USA), equipped with an RI detector and a 300 mm x 7.8 mm Aminex HPX-97 ion-exchange column (Bio-Rad Laboratories, USA). An H 2 SO 4 solution was used as the mobile phase at a flowrate of 0.6 mL.min -1 with a column temperature of 60 °C . To overcome co-elution of chromatogram peaks, each sample was analysed with 5-mM and 20-mM mobile phase solutions [15] . In the HPLC system used in the study, the retention time of acids decreases with increasing mobile phase acidity while the retention time of
carbohydrates remains approximately constant, thereby allowing for separation of carbohydrate and acid peaks. Mass balances were performed by comparing the experimental amount of glucose consumed to the stoichiometric amount of glucose required to produce the measured metabolite concentrations [14] .
Control at substrate-limiting conditions
At relatively high acid titres (C SA > 10 g.L -1 ) growth of A. succinogenes is inhibited but does not terminate completely [17] . Under steady-state conditions of the reactor, it is assumed that limited growth occurs at all times, but cell accumulation is countered by biomass removal.
On average these two rates should be similar in order to account for the observed steady-state behaviour (i.e. no net accumulation or removal of cells). However, if residual substrate is present in the broth, a secondary, long-term effect can occur where the biomass content in the fermenter (and the biomass in the outlet) gradually increases over extended periods while pseudo steady-state prevails. This effect needs to be prevented in order to maintain a constant amount of active biomass in the fermenter. To this end, continued cell growth was prevented by operating the reactor under substrate-limiting conditions (i.e. complete glucose conversion).
Overall cellular activity in the reactor is defined as the product of the concentration of active cells and specific cellular activity. Given a constant cellular concentration in the fermenter, if cellular activity decreases, substrate "breakthrough" can occur and the new availability of substrate could allow cellular activity or growth to increase. When substrate breakthrough occurs, the substrate loading needs to be decreased in order to maintain near-complete substrate conversion. To achieve this, the dilution rate can be decreased in proportion to the decrease in cellular activity. Thus, the amount of biomass in the fermenter is maintained and the decrease in dilution rate will directly relate to the decrease in activity. Moreover, regulating the glucose consumption by decreasing the dilution rate ensures that the total acid concentration remains relatively stable and the inhibitory effect of acids [6] remains constant.
Therefore, the true influence of CO 2 availability can be observed without interference from fluctuations in acid titre and cell growth.
Dissolved CO 2 calculations
Mass transfer tests were performed in a liquid solution similar to the fermentation medium but excluded glucose and yeast extract. Mass transfer tests were conducted directly after the first fermentation (Run 1) in order to determine whether the presence of biomass influences mass transfer efficiency. The absence of glucose and yeast extract caused the remaining biomass in the reactor to be metabolically inactive.
In order to calculate the dissolved CO 2 concentration in the fermentation broth, the following three processes need to be considered:
(A) Gas to liquid mass transfer
The volumetric CO 2 mass transfer rate ( ) from the gas bubble to the liquid fermentation broth (bulk liquid), with units of mol.L -1 .h -1 , is given by Eq. (1).
(
In Eq. (1), k g a g is the mass transfer coefficient (h -1 ), is the saturated CO 2 concentration at a specific CO 2 partial pressure (mol.L -1 ) and is the dissolved CO 2 concentration in the bulk liquid (mol.L -1 ).
(B) Gas-liquid equilibrium Eq. (2) can be used to calculate the maximum dissolved CO 2 concentration (mol.L -1 ) in the liquid at a known CO 2 partial pressure ( in kPa. (2) is en y's const nt (kPa.L.mol -1 ) for CO 2 in a pure solvent. However, since the fermentation medium contains various salts and organic substances, the solubility of CO 2 will be ffected nd the efo e en y's const nt needs to be adjusted accordingly [10] [11] [12] .
(C) CO 2 -carbonate equilibrium.
As CO 2 dissolves in water, the equilibrium reactions given by Eq. (3) to (5) 
Taking the effects discussed in A, B and C into account, a hydronium ion (Eq. (7)) and inorganic carbon (Eq. (8)) balance was performed for a continuous flow system with continuous CO 2 sparing. No consumption of CO 2 occurred since the biomass was inactive but CO 2 was continuously removed from the system.
Eq. (7) states that the amount of base added is equal to the sum of the hydronium ions formed in the equilibrium reaction (Eq. (6)) and the amount required to increase the pH of the feed from 6.4 to 6.8 (set point). 
Results and discussion
CO 2 mass transfer under continuous conditions
In investigating the influence of CO 2 availability on succinic acid productivity and yield, it is more appropriate to use a basis that is not specific to reactor geometry but rather more generalised. To this end, the dissolved CO 2 concentration ( ) in the fermentation broth was chosen as the basis and not simply CO 2 flow rate or mass transfer constants (i.e. vvm and k g a g ). To indirectly determine , it is first necessary to determine the gas-based mass transfer coefficient, k g a g . As such, k g a g was determined for each steady-state condition across a range of vvm values as described in Materials and methods. As can be seen in Fig. 1 , k g a g increases linearly with increasing vvm indicating that increased CO 2 flow rates contribute directly to improved CO 2 transfer into the fermentation broth and therefore increased availability of CO 2 to the cell.
During the mass transfer experiments, the biomass present in the reactor dissolved and systematically washed out of the reactor after the fermentation medium was replaced with the mass transfer solution. However, no differences between the initial and repeat tests were observed even though the last data point was obtained 26 days after the first. This demonstrates that the presence of biomass has a negligible influence on mass transfer efficiency and also that the procedure is repeatable. The linear relationship in Fig. 1 can be used to calculate k g a g values at a specific vvm which, together with Eq. (9), can be used to determine the corresponding value of and also the percentage CO 2 saturation.
Continuous fermentations
The overall results of the three continuous fermentations are summarised in Table 1 [15] and corn stover hydrolysate [18] . In addition, the fermentation results are in agreement with previous studies on A. succinogenes using a complex fermentation medium containing yeast extract and no corn steep liquor [13, 19] . Ethanol formation was found to increase with decreasing levels which is in agreement with [8] , where ethanol formation was observed at CO 2 limiting conditions. Pyruvic acid formation was observed across various levels but no distinct trend was found. Pyruvic acid production has been reported as a minor [7] and a considerable by-product [6] in glucose fermentations with A. succinogenes and as a more substantial byproduct in continuous xylose fermentations [15] . 
Productivity threshold
The succinic acid productivity and rate of glucose uptake remained approximately constant with decreasing down to a critical level, below which both parameters started to decrease (Fig. 2) . The level at which the decrease in succinic acid productivity and substrate uptake occurred can be considered an upper threshold or productivity threshold ( ). In the current fermentation system, is equal to 8.4 mM CO 2 which corresponds to approximately 36.8% CO 2 saturation. Since the biomass concentration is assumed to remain constant due to the imposed substrate limitation (through dilution rate adjustments), a decrease in productivity and substrate uptake suggests that either the cells are dying or the productivity per cell is decreasing, reflecting a decrease in the overall metabolic rate. It was observed that steady-states could be maintained for extended periods (greater than 48 hours) at low CO 2 flow rates which hints that the decrease in productivity is related to a decrease in metabolic activity instead of cell death. This is plausible as one would expect a persistent decrease in productivity as cells died off, thereby preventing steady-state operation which was not the case in the current study.
The observation that SA productivity is independent of above values of 8.4 mM ties in with the results of [10] where variations in the CO 2 partial pressure, hence (5.1, 10.1, 15.2, and 20.2 mM dissolved ), was found to have no influence on final SA concentrations over constant batch times, although no decrease in productivity was observed at the 5.1 mM condition either. However, [12] showed that SA yield and titre were enhanced when increasing the fermentation pressure from 101.3 kPa to 140 kPa, due to the increased CO 2 partial pressure and consequently higher CO 2 saturation level in the broth. It is expected that CO 2 availability to the cell should influence SA productivity since CO 2 is essential for reductive TCA cycle flux (Fig. 3) and PEP carboxykinase activity in A. succinogenes. Furthermore, Fig. 2 . The rate of glucose consumption and succinic acid production as a function of the dissolved CO 2 concentration in the fermentation broth (also given as the fraction of CO 2 saturation). The vertical arrow indicates the C CO2 level (8.4 mM or 36.8% saturated) at which the productivity and rate of glucose uptake starts to decrease (i.e. overall metabolic rate slows) and is considered the upper CO 2 or productivity threshold ( ). . AA = acetic acid; AcCoA = acetyl-CoA; EtOH = ethanol; FA = formic acid; G3P = glyceraldehyde-3-phosphate; Glc = glucose; PEP = phosphoenolpyruvic acid; Pyr = pyruvic acid; Pyr ex = excreted pyruvic acid; SA = succinic acid. [9] showed that in fermentations of a mutant E. coli strain, the specific productivity and yield of SA improved substantially with increasing CO 2 fraction (i.e. partial pressure) in the gas phase. In addition, an increase in carbon flux through the pentose phosphate pathway was observed to account for the increased demand for reduced cofactors.
Yield threshold
Similar to the trend of succinic acid productivity versus , the metabolite distributions remained constant with decreasing down to a critical level (Fig.4 ) of 3.9 mM CO 2 (17.1% of saturation). Below this level, the concentration of succinic acid started to decrease rapidly while acetic acid and formic acid concentrations remained fairly stable. A decrease in succinic acid concentration, while by-product concentrations remain constant or decrease to a smaller degree, is indicative of a shift in carbon flux away from the C 4 pathway and towards the C 3 pathway resulting in a decrease in the yield of succinic yield ( fig. 3) . Therefore, the level at which this occurs can be considered a yield threshold and can be viewed as the lower threshold ( ) since it occurs at a lower value to (8.4 mM).
The shift in carbon flux distribution occurs at the phosphoenolpyruvic acid (PEP) node which serves as the branch point between the C 3 and C 4 pathways. The shift can be further visualised in Fig. 5 where the fraction of total carbon flux in the C 4 branch (f 4 ) decreases with decreasing . The fluxes through the C 3 and C 4 pathways are calculated based on the measured metabolite concentrations. Interestingly, the fraction of total carbon in the C 4 branch only starts to decrease at very low concentrations (17.1% of CO 2 saturation).
The flux shift under low values suggests that a rate-limitation at the PEP node necessitates that flux be directed to the C 3 pathway. Ethanol formation consumes two NADH molecules in A. succinogenes [20] and can therefore serve as a redox sink within the central 
Conclusions
CO 2 is an important co-substrate in succinic acid production by A. succinogenes. To ensure efficient succinic acid production, the availability of CO 2 to the cells needs to be maximised.
In this study it is demonstrated that CO 2 availability, as dissolved CO 2 concentration ( ) and percentage saturation of the fermentation broth, has two main thresholds when operating under continuous conditions. The first, or upper threshold, occurs at a of 8.4 mM (36.8% saturation) and a gradual decrease in SA productivity and glucose uptake occurs as is decreased below this threshold. As is decreased further, a second, or lower, threshold occurs at 3.9 mM (17% saturation) below which SA productivity decreases further together with a shift in carbon flux away from the C 4 pathway (succinic acid route) towards the C 3 pathway (by-product route). In addition to the usual by-products (i.e. aceticand formic acid), ethanol formation was observed below the second threshold, likely as a means to balance redox. The CO 2 thresholds occur at low values relative to full saturation, which is advantageous from an industrial processing perspective as it implies that the bulk liquid does not need to be maintained near CO 2 saturation at all times. Instead, there can be some flexibility in the control of CO 2 which may allow for reduced sparging and compression needs (i.e. lower CO 2 pressure) thereby reducing operating expenses. Therefore, the results are useful for future design and optimisation of CO 2 mass transfer systems in succinic acid fermentations with A. succinogenes. 
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